A globular protein adopts its native threedimensional structure spontaneously under physiological conditions. This structure is specified by a stereochemical code embedded within the amino acid sequence of that protein.
mentarity is an important source of structural specificity, then sets of residues that interact favorably should be apparent. Our analysis leads to the surprising conclusion that high packing densities-so characteristic of globular proteins-are readily attainable among clusters of the naturally occurring hydrophobic amino acid residues. It is anticipated that this realization will simplify approaches to the protein-folding problem.
It is well-known that a protein molecule will adopt its native three-dimensional structure spontaneously under normal physiological conditions (1) . The transition to the native state from -a denatured state is called protein folding. Despite intense research, a generalized mechanistic understanding of the folding transition remains obscure. This important question is called the protein-folding problem.
A key question-perhaps the key question-is the extent to which protein conformation is determined by packing interactions within the hydrophobic core. This question has its origins in the seminal work of Kauzmann (2) , who used model compounds to argue that the burial of hydrophobic groups serves as a primary source of stabilization energy in folded proteins. Later, Richards showed that these buried groups are as well packed, on average, as crystals of small organic molecules, with packing densities more reminiscent of solids than of oil (3, 4) . The inside of a typical protein contains side chains that fit together with a striking complementarity, like pieces of a three-dimensional jigsaw puzzle.
The high packing densities seen in globular proteins are an experimental fact (3) (4) (5) (6) . This fact has been interpreted to mean that protein conformation is linked tightly to internal packing. According to this interpretation, for example, lysozyme does not have the same folded conformation as ribonuclease, although both proteins have approximately the same size and composition, because the lysozyme sequence cannot achieve efficient internal packing when organized into a ribonuclease fold. Such an interpretation of packing is consistent with classical studies of protein evolution, where the most conserved residues are found in the buried interior (7) .
Paradoxically, recent mutational studies of proteins have demonstrated that the hydrophobic core can tolerate a broad diversity of residue substitutions, usually with only minor effects on structure, stability, and function (8) (9) (10) (11) (12) . Such results have prompted us to conduct a simple test of whether protein conformation is determined primarily by packing interactions. In this test we analyzed 67 proteins of known structure for preferred interactions, reasoning that if sidechain complementarity is an important source of conformational discrimination, then sets of residues that interact favorably should be readily apparent. Equivalently, if no interactions are found to be especially favorable, then efficient packing-an undeniable experimental fact-is achieved without severe limitation of the individually allowed sidechain orientations (13, 14) ; in which case it follows that packing and conformation are not tightly linked. In the ensuing analysis, conspicuous side-chain complementarity is distinguished from the broad, nonrandom distributions observed in earlier studies (15, 16) .
Our analysis of packing is conducted in two parts. First, all residue pairs, x-y, are assayed for the existence of particularly favorable interactions between x and y (i.e., binary interactions). The existence of a covalent bond between pairs of half-cystine residues renders them a conspicuous outlier among pair-wise interactions and serves as a natural control for this stage of the analysis. It is conceivable that preferred higher level packing arrangements (i.e., tertiary, quaternary, ...) can exist despite an absence of preferred binary interactions. To address this second possibility, the interaction of all x-y pairs with the remainder of the protein is assessed. In this latter stage, a lumped interaction term is computed for each x-y pair and its complementary protein-binding pocket. In other words, the first step measures the affinity within all pairs of residues, whereas the second step measures the affinity between all residue pairs and their microenvironment within the protein. In this experiment, the area buried between or among residues is used to evaluate affinity.
The following analysis leads to the surprising conclusion that high packing densities-so characteristic of globular proteins-are readily attainable among clusters of the naturally occurring apolar residues. If true, then packing of the hydrophobic core is not the principal factor that discriminates between native and nonnative conformations.
Experimental Design. The crystal structures of 67 x-rayelucidated proteins were analyzed, and all pair-wise interactions were identified for the 190 possible nonglycine pair-wise combinations of residues. Proteins used and their Brookhaven file names in parentheses (17) In this study, a pair-wise interaction is said to occur between two residues whenever they bury at least 1 A2 of side-chain surface area between them. For each protein in the data base, all potential pairs were evaluated systematically, and those satisfying the definition were selected. (19) .
The area buried between each interacting pair was calculated and used to obtain the mean area buried by pair-wise type. The mean area buried between residue type x and residue type y, (Ab ), is simply 1k-1 [A b k/n, where [Ab ] k iS the area buried in the kth x-y pair, and-n is the total number of x-y pairs.
Area Buried in Pair-Wise Interactions. Fig. 1 is a plot of the mean area buried by each pair versus the total area of that pair. Residues are subdivided into three types: hydrophobic (alanine, cysteine, isoleucine, leucine, methionine, phenylalanine, tryptophan, valine); polar (asparagine, glutamine, seine, threonine, tyrosine); and charged (asparagine, aspartic acid, glutamic acid, and lysine). These categories are cross-compared in Fig. 1 Fig. la . The pair with the smallest total area, Ala-Ala, and that with the largest total area, Trp-Trp, are both well-represented by the least-squares line through the data. The only significant exception to linear scaling is seen for Cys-Cys pairs, which serve as a control.
Such pairs are often covalently bonded and, thus, held in Proc. Natl. Acad. Sei. USA 88 (1991) close proximity, with a consequent increase in (ANSCYS). The point corresponding to Cys-Cys in Fig. la is shown as an open circle.
It is conceivable that preferred pair-wise interactions do exist but are concealed within the envelope of average values in Fig. 1 and Eqs. la4. To test this possibility, histograms that plot the distribution of pairs as a function of area buried were prepared for all 190 pair-wise interactions; the 36 hydrophobic pairs are shown in Fig. 2 . The broad distributions seen in these histograms are not suggestive of any markedly preferred modes of interaction. To further pursue this conclusion, many specific pairs with pair-wise buried areas that rank in the upper 5% of their class (i.e., the right-most tails of the histograms in Fig. 2) were inspected for preferred interaction geometries, since visual inspection of the data might have revealed patterns refractory to statistical analysis. A sample of 5-10 of the most buried pairs was collected from every category containing two large hydrophobic residues (e.g., Leu-Leu, Val-Ile, etc.) as well as selected categories containing polar or charged residues (for example, Asp-Arg, Lys-Trp, etc.). Each pair in this sample was examined individually using an Evans and Sutherland PS 330 graphics system with the INSIGHT molecular modeling language (21) . No regularities were evident upon visual To answer this question, the surface area buried between each type of residue pair and its host protein was calculated. In Fig. 3 , the mean total area buried for each pair, (A'l), is plotted against the standard-state area of the pair, AXY.
Explicitly, (Al ) is the component of side-chain area buried by residue pair x-y and the remainder (i.e., non-x, non-y) of the protein.
As in Fig. 1 , residues are subdivided into three categories (hydrophobic, polar, and charged), which are crosscompared in Fig. 3 . In all categories, (Al ) scales linearly with total pair area. Hydrophobic pairs are especially well-fit by a straight line; both the smallest (Ala-Ala) and largest (Trp-Trp) fall near the line. Only one infrequently occurring pair, Met-Met, is found >2o-from its predicted position. Interestingly, Cys-Cys pairs are no longer singular, burying as much total surface as would be expected for any other hydrophobic-hydrophobic pair of corresponding size. .ically with only minor changes in both structure and stability tle together like spoons, and oppositely charged (8) (9) (10) (11) (12) 43 are general, a given fold must be near other well-packed ber of investigators have analyzed proteins for alternatives of similar conformation. In such a conformalue and inter-atomic contacts (22) (23) (24) (25) (26) (27) (28) . It was obtional "landscape," conformation is not a sensitive function at approximately one-third of charged residues are of internal packing. I so as to form ion pairs (29) (30) (31) , that aromatic If interpretation ii is correct, then, in general, allowed -often aligned with an inter-group distance between conformers (13, 14) can pack together efficiently. In this case, nd a dihedral angle near 90' (32) , and that sulfur (33) energy differences between conformers would not be due mn (34) (44) , which fall into two distinct classes. The tction and packing (3-6, 19, 35-39) . Except for first class crystallizes in oblique or rectangular lattices and is no preferred packing interactions were evident in more tightly packed than the second class, which crystallizes isis, either within pairs of residues (Fig. 1) Why do proteins have a unique conformation? A globular protein adopts its unique equilibrium conformation spontaneously under physiological conditions, guided along the folding pathway by information encoded within the linear sequence (1) . In a bad solvent, the polypeptide chain is driven toward spatially compact states by forces that are familiar (36) .
Why do proteins have a unique conformation? Highly selective internal packing seems an attractive way to rationalize conformational uniqueness (13) , but in view of the preceding analysis, it is now deemed unlikely. An informative discussion of this issue is found in a recent review by Dill (48) , who suggests that, oyer and above chain compactness, the most significant further restriction on conformation space is imposed simply by the hydrophobic effect. It has been shown by both theory and simulation (49, 50 ) that a heteropolymeric sequence of nonpolar and polar monomers (e.g., residues) will have few conformers, irrespective of monomer details. Also, it is known that local hydrophobic clusters, though randomly distributed (51), coincide well, albeit imperfectly, with buried regions of the three-dimensional structure (52) (53) (54) . Similar ideas have been used to define a characteristic hydrophobicity pattern for a protein; such a pattern can, in turn, be used to selectively identify other proteins from the same family within a heterogeneous data base (55) (56) (57) .
The foregoing ideas about packing are subject to experimental validation. For example, following the strategy of Ponder and Richards (13) , sequences designed to be compatible with a particular fold could be devised. Design criteria for such sequences might include the linear pattern of hydrophobic and hydrophilic residues found in a natural protein but not the actual residues. A similar approach to the design of amphipathic helices has been successfully exploited by Kaiser and coworkers (58) .
The evidence presented in this paper can be summarized in a sentence: in globular proteins, the native fold determines packing, but packing does not determine the native fold. We anticipate that this realization will simplify approaches to the folding problem.
